Global Organization of the Small Subunit
extensions of proteins which penetrate into rRNA regions, similar to those detected in the nucleosome The particle that emerges from our map (Figure 1 ) contains the morphological features familiar from cryo-EM (Luger et al., 1997). Some of them reach distal proteins. For example, protein S12 contains a long tail which reconstructions. The traditional subdivisions are the "head," "neck," and "body"; the body has a "shoulder," spans the particle, extending toward S17 (Figure 2 ). Parts missing in the available crystallographic or NMR a "platform," and a "foot" with a "toe" (called also "spur"). The head has a "nose" with a further protuberstructures that were readily traced in our map are an ␣-helical region at the N terminus of S5, a ␤ strand ance, the "beak."
Three long helices, called here "longitudinal" to desigprotruding from S7, and a short arm originating at S18 and pointing toward S6. nate their direction, H44, H7, and H16/H17 (Figure 2 ) run parallel to the long axis of the subunit (vertically in the Only one protein, S12, is located at the RNA-rich surface that interacts with the large subunit. Two additional view in Figure 1 ). Among them H44 and H16/H17 are located on the rather flat surface that faces the 50S proteins, S7 and S15, that are located at the rims of the subunit interface region, are partially involved in tRNA subunit. The three longitudinal helices are linked by transverse features, placed like ladder rungs between binding or in intersubunit contacts, respectively. A few proteins, such as S4, S5, S8, and S12 may contribute them. Principal among these transverse helices are H21-H23 (Figure 2 ), which lie in an inclined lune extending to the fidelity and the directionality of the translocation (see below). About half a dozen are peripheral, located from the shoulder to the platform. The head contains mainly short helices, in marked contrast to the long on the particle's surface, at its solvent side. These may have evolved at later stages to fine tune the complex duplexes of the body. It has a bilobal architecture, with H34 serving as the bridge between hemispheres (Figure tasks and intricate recognitions required for the decoding process. They also may prevent nonproductive inter-2). The head joins the body through a single RNA helix, H28 which appears to act as a hinge. In addition, the actions with the large subunit or the initiation factors. upper part of the shoulder (H16/H18) and the lower part of the nose (H33/H34) form a noncovalent body-head connection (Figures 1 and 3) . We refer to this interaction
The Decoding Center and Its Vicinity The decoding center organizes mRNA and tRNA transloas the "latch." It surrounds the entrance to an elongated, curved channel, proposed by us to be the conduit for cation and controls fidelity in codon-anticodon interactions (Green and Noller, 1997). It is located at the upper the mRNA chain, based on previous structural studies ( Arad et al., 1987; Mueller et al., 1997; Cate et al., 1999) . part of the body and the lower part of the head. Mapping the conserved nucleotides in the 16S RNA on our strucAll the major functional features of the subunit consist of RNA elements; the proteins appear to serve largely ture showed remarkable conservation around this region, in accord with the universality of the decoding as struts, linkers, and supports. Of interest are long The positions of mRNA and tRNA in the decoding center were determined by reference to the structure end of the 16S RNA. The 3Ј segment is known to be highly flexible and contains the region that pairs with (at 7.8 Å resolution) of a tRNA-70S complex (Cate et al., 1999). The entire penultimate stem is clearly defined in the trigger (Shine-Dalgarno) sequence in the mRNA, an interaction critical for initiation of protein synthesis. The that structure, so we superposed this region onto our electron density map (Cate et al., 1999 and PDB entry switch helix can undergo changes in its base-pairing scheme; these may induce cooperative rearrangements 486D). Only a small shift was then needed to achieve a remarkable fit of the tRNA and mRNA codons with the that lead to movements of the platform, shoulder, and head (Gabashvili et al., 1999b) . Thus, the global conforgeometry of the decoding center ( Figure 3 ). The required shift, smaller than 6 Å , may be linked to the conformamational state of the particle may be correlated with the base-pairing scheme of H27 (Lodmell and Dahlberg, tional rearrangements that the small subunit undergoes upon incorporation into the 70S particle or consequent 1997). We see in our map the conformation called 912-885 (E. coli numbering). As expected, the opening of the to the binding of the mRNA/tRNA molecules. Alternatively, it may be due to the uncertainties of the limited central pseudoknot is not observed, consistent with the importance of the integrity of the pseudoknot for resolution of the 70S map. We also found similarities between the shape of the decoding center seen in our the functionality of the ribosome (Poot et al., 1998).
H27 packs groove-to-groove with the upper end of structure and the contour of the corresponding part of the NMR structure of a 26-mer oligonucleotide of E. coli H44, which is the target of amino-glycoside antibiotics. The structure of an RNA-paromomycin complex sequence ( H3 and H4 creates a highly compact fold in the five-way junction, H3/H4/H16/H17/H18, which is connected to The Body the central pseudoknot through H3. The loops of H16 The body of the 30S subunit has a relatively compact and H18 form one side of the latch, as described above. lower part ("foot") and a wider and more flexible upper The putative path taken by the messenger is located region, comprising the platform, the shoulder, and the in this region. The components likely to interact with decoding-center cleft. The foot appears to serve as an mRNA as it threads its way from the latch into the chananchor to control the inclination and orientation of the nel include the loop of H18 and proteins S3, S4, S5, and main features in the intersubunit interface and in the S12. S4, S5, and S12 (Baranov et al., 1999) probably decoding center. It contains H6-H11 and protein S20 assist the directionality of the decoding process and (Figure 2) . H7 runs longitudinally, parallel to H44, and the accuracy in translation, as it has been observed that branches into H8, which defines the lower boundary of ram (ribosomal ambiguity) mutations in S4 and S5 cause the particle. H9 has extensive groove-groove contacts misreading and the restrictive mutations in S12 enhance with H7, with its tetraloop facing outward. (Gabashvili et al., 1999b) . It contains H20-H24 and proteins S6, S8, S11, S15, and S18 (Figure 2) . Its central and form a link to it. This unusual RNA arrangement creates an oval-shaped protein pocket. The three-way substructure, containing all proteins mentioned above apart from S11, has been studied at high resolution junction loop connecting H28, H29, and H43 is organized as a highly conserved, modular RNA motif (Leontis and (Agalarov et al., 2000; Nikulin et al., 2000) and part of it has been assigned in crystallographic studies of the Westhof, 1998), with similarity to loop E (Szewczak et al., 1993). This junction loop contributes to the P site entire subunit at low resolution (Clemons et al., 1999) . In essence, all four independently determined structures for tRNA (Leontis and Westhof, 1998). Protein S7, which has been specifically crosslinked to tRNA and mRNA are closely related. However, we observed differences in the relative locations of some of the platform's compoanalogs (Dontsova et al., 1991), binds to this loop. In our model, S7 lies closer to the E site tRNA than to the nents, when comparing the structures of our activated particle and of the nonactivated one (Clemons et al., P site tRNA, but its effects on stability of the fold of the 16S RNA could propagate to the entire decoding center. 1999). The coaxial stack, H23 and H22, define one arm of the broad, L-shaped domain, and H21, which projects H28 is the only covalent connection from the body to the head. The base-pair mismatches within it cause toward the shoulder, defines the other. Groove-togroove contacts between H23 and H24 anchor the base some structural deviations from strict A-form geometry; it is possible that these deviations are related to the of the platform; H25 and H26, mutually perpendicular, An example for our assignment strategy at its initial stage is given were grown from heat-activated (Zamir et al., 1971) 30S subunit from T. thermophilus, as described in (Tocilj et al., 1999) . below. Apart from S7 and S19, the structures of the head proteins have not been determined independently, but density for the majorPostcrystallization heat activation, followed by stabilization by (K 6 (P 2 W 18 )O 62 )14H 2 O (called here W18), was performed to increase ity was readily detected even in our 3.8 Å map. The ␣-helical region above S7 was assigned to S9, exploiting crosslinking data (Baranov the homogeneity of the activated form within the crystals, yielding a dramatic increase in the resolution. The functionally active conforet al., 1999). S13, containing three parallel ␣ helices, was located at the crest of the head in the vicinity of S19. This assignment relied mation of the 30S subunits within these crystals (called here Wative) was confirmed since they were found to be isomorphous with cryson the pairing of S13 and S19 ( shows features of an S6 motif near H39; as S10 cross links to RNA components of this region and as its sequence predicts an S6-like edeine were obtained under the same conditions. When treated by W18, they yielded diffraction of comparable resolution (3.3-3.6 Å ). structure, we assigned S10 to this density. S2 was identified close to H35-H37, in accord with biochemical data (Powers et al., 1988). Heavy-atom derivatives were prepared as described previously (Tocilj et al., 1999) 
